The simultaneous measurement of the physiology and mechanics of microbes is enabled by a microfluidic bioreactor \[[@R27]--[@R30]\] that we have designed to culture microbes under tightly controlled chemical and mechanical conditions. The setup, shown in [Fig. 1a](#F1){ref-type="fig"}, is optimized for budding yeast (*S. cerevisiae*). We use this device to measure mechanical forces generated by partially-confined growing populations and the impact of those forces on both the population itself and its micro-environment.

At the beginning of each experiment, we trap a single yeast cell in the growth chamber of the device, which can hold up to about 100 cells. The cells are fed by a continuous flow of culture medium, provided by a narrow set of channels that are impassable for cells.

While cells first proliferate exponentially as in liquid culture, their growth dynamics is dramatically altered once the chamber is filled. At high density, cells move in a stop-and-go manner and increasingly push against the chamber walls. The population develops a contact pressure that increases over time until it reaches a steady state, subject to large fluctuations. Note that this contact pressure is conceptually very different from the hydrostatic pressure because water can flow in and out of cells Depending on the geometry of the outlet ([Fig. 1b and c](#F1){ref-type="fig"}), the mean steady-state pressure can reach up to 0.7±0.1 MPa. This pressure is larger than the osmotic pressure difference, ≈ 0.2 MPa (stationary phase \[[@R31]\]), between the interior of a budding yeast cell and the surrounding medium, and much larger than the ≈ 1 mPa needed for the cells to overcome viscous friction ([Supplementary Text](#SD1){ref-type="supplementary-material"}).

While the initial pressure build-up is similar in different devices, we find a sensitive dependence on the device geometry. The steady state pressure can be finely tuned by the shape of the outlet gate (shown in [Fig. 1b and c](#F1){ref-type="fig"}) or the width of the outlet channel ([Fig. S13](#SD1){ref-type="supplementary-material"}).

Both the intermittent flow and pressure build-up are counter-intuitive because, in all cases, the outlet channel is wide enough for cells to pass. In principle, excess cells could flow like a liquid out of the chamber. Time lapse movies ([Movie S1](#SD1){ref-type="supplementary-material"}) reveal that blockages in the device stabilize the cell packing and prevent flow. Cells proliferate until a sudden avalanche flushes them through the outlet ([Fig. 1d and e](#F1){ref-type="fig"}). Another jamming event occurs, and the process repeats. These dynamics generate characteristic slow pressure increases followed by sudden pressure drops ([Fig. 1c](#F1){ref-type="fig"}).

Jamming, intermittency and avalanches are familiar aspects of flowing sand, grains or even jelly beans \[[@R24]\]. To test whether the interplay of growth, collective rearrangement, and outflow of cells from the chamber can be explained by the mechanics of granular materials, we set up coarse-grained computer simulations with cells represented as elastic particles that grow exponentially and reproduce by budding. In our simulations, cells move via frictionless over-damped dynamics with repulsive contact interactions between neighbors.

Our simulations indeed reproduce the intermittent dynamics observed in the experiments ([Fig. 2a--c](#F2){ref-type="fig"}). We find that the distribution of pressure drops have an exponential tail in both experiments and simulations ([Fig. 2d](#F2){ref-type="fig"}) for *P* \> ⟨*P*⟩, similar to avalanche size distributions in hopper flows \[[@R32]\].

Highly intermittent cell flows might reflect spatially heterogeneous mechanical stresses, a hallmark of driven granular materials \[[@R17]--[@R20]\]. Assuming that cell shape deformation is indicative of the forces between cells, we developed a non-invasive method to infer these forces ([Fig. 2f](#F2){ref-type="fig"}, [supplementary text, and Fig. S1](#SD1){ref-type="supplementary-material"}). Using this approach, we analyzed microscopy images to determine stress distributions of crowded populations. Both *S. cerevisiae* experiments and our coarse-grained simulations exhibit disordered cell packings that are stabilized by heterogeneous force networks ([Fig. 2f and g](#F2){ref-type="fig"}). Stress is highly localized along branching "force chains" \[[@R17], [@R18]\] while adjacent "spectator cells" \[[@R33]\] experience very little mechanical stress.

We find that jamming-induced contact forces can become so large that they feed back on the cell physiology. Indeed, a feedback on both cell shape and the dynamics of cell growth is evident in experiments where we place two devices of different steady state pressures next to one another, as seen in the time lapse movie ([Movie S2](#SD1){ref-type="supplementary-material"}). These devices only differ by the width of their outlet channels (5*μ*m vs. 7.5*μ*m). We find that an increased outlet channel width leads to an increased mean avalanche size, and correspondingly, a smaller mean pressure ([Fig. S13](#SD1){ref-type="supplementary-material"}). To quantify the feedback on growth, we estimate the net growth rate, which is the difference between birth and death rate, in our microfluidic bioreactors by measuring mean cell outflow rate at steady state ([supplementary text](#SD1){ref-type="supplementary-material"}). We find that the growth rate decays roughly exponentially with pressure until growth is undetectable at a stalling pressure of about 1 MPa ([Fig. 3c](#F3){ref-type="fig"}). The stalling pressure, or homeostatic pressure \[[@R34]\], is obtained by using a special device with a "self-closing valve", in which yeast populations fully confine themselves by the pressure they build up, as seen in [Fig. 3a](#F3){ref-type="fig"}. In this device, the rate of pressure increase gradually decays with pressure until saturation ([Fig. 3b](#F3){ref-type="fig"}). This diminishing return is due to smaller growth rates at higher pressures, and serves as another, dynamical measure for the feedback between contact pressure and growth rate.

Control experiments supported by finite element simulations show that cells are well-fed and viable even at the highest densities suggesting a mechanobiological origin for the reduced growth rates ([Supplementary Text and Figs. S3 and S4](#SD1){ref-type="supplementary-material"}).

As a first step to uncover the mechanistic basis for the force-growth feedback, we have explored the impact of contact forces on the pace of cell cycle progression. In budding yeasts, the late G1 checkpoint Start, homolog to the mammalian Restriction point, controls the irreversible cell commitment to division \[[@R35]\]. Passing of the checkpoint requires multiple phosphorylations of the repressor Whi5, upon which Whi5 is exported out of the nucleus until the cell cycle is completed. As a consequence, Whi5 is localized in the nucleus in the G1 phase prior to Start, and cytosolic otherwise ([Fig. 3d](#F3){ref-type="fig"}, top). Using a mutant that express fluorescently labeled Whi5 thus enabled us to probe the cellular commitment to cell division. We found that an increased contact pressure is accompanied by an increase in the fraction of cells with nuclear Whi5 signal ([Fig. 3d](#F3){ref-type="fig"}), suggesting a force-induced slowdown of the cell cycle in G1. This finding is consistent with the view of the late G1 checkpoint as an integrator of numerous stresses, including osmotic, chemical and heat shock stresses \[[@R36]--[@R38]\]. Force-induced cell cycle arrest has been observed in mammalian cells \[[@R39], [@R40]\], but the associated mechanical stresses are two to three orders lower than the stalling pressure measured in our experiments.

Perhaps the most salient consequence of growth-induced pressure is cell shape deformations. While budding yeast cells grown in the absence of mechanical stresses are nearly spherical, we observe that they tend to morph into convex polyhedra as the population pressure becomes growth-limiting ([Fig. 1f and g](#F1){ref-type="fig"}). Close to the stalling pressure, the packing resembles the structure of a dry foam \[[@R41]\], consisting of cells with nearly flat faces and sharp edges in between, shown in [Fig. 2f](#F2){ref-type="fig"}. The pressure-induced cell shape deformation can be best visualized at the interface between coverslip and cell population: the cell-coverslip contact area increases as the growth-induced pressure increases ([Fig. S6](#SD1){ref-type="supplementary-material"}). Our simulations further suggest that, in our experiments, the osmotic pressure inside the cells may increase as a function of the growth-induced pressure ([Fig. S6](#SD1){ref-type="supplementary-material"}).

Most microbial cells are sticky \[[@R42], [@R43]\]. Indeed, while our lab strains of budding yeast have been domesticated to become non-sticky, wild strains can have strong, velcro-like intercellular fiber connections \[[@R44]\]. We find that while sticky yeasts develop in our microfluidic devices a very similar maximal pressure as the lab strains do ([Fig. 3b](#F3){ref-type="fig"}), they develop substantial contact pressures under much weaker confinement ([Fig. 4a](#F4){ref-type="fig"}). Our coarse-grained simulations likewise suggest that attractive interactions promote jamming: The measured build up of pressure is much larger than expected under a non-granular model of a liquid droplet with surface tension, in which jamming is impossible ([Fig. 4c and d](#F4){ref-type="fig"}).

Bacteria and fungi have the ability to colonize a wide range of porous media, including tiny cavities barely larger than their cell size \[[@R3], [@R4]\]. Our work suggests that self-driven jamming of growing microbes can emerge in these microenvironments as it does in our microfluidic devices if chemical resources are sufficiently abundant.

The resulting growth-induced forces endow biofilms with the potential to remodel, or even destroy, their micro-environment. This could aid microbes in penetrating the soft tissues of host organisms \[[@R10]--[@R12]\], or to invade soil, where most microbes grow in pores of several micro-meter in diameters \[[@R3], [@R4]\]. At this length scale, it is possible that the growth-induced pressures measured here contribute to straining of even stiff materials. Indeed, when we grow budding yeast populations inside agar gels, we observe the formation and propagation of cracks ([Fig. 4d](#F4){ref-type="fig"}, [Fig. S8](#SD1){ref-type="supplementary-material"} and time lapse movie [Movie S5](#SD1){ref-type="supplementary-material"}). Thus, just like jamming of granular media can threaten the mechanical integrity of their confinements, which can lead to the bursting of grain silos \[[@R32], [@R45]\], it could also be an important mechanical aspect of host invasion \[[@R10]--[@R12]\] and biofouling \[[@R21]\].

We argue that the mechanism underlying self-driven jamming, cell proliferation, extends the notion of driven granular materials, which are usually jammed by external forces, such as shear, compression, or gravity \[[@R17]--[@R20]\]. On a fundamental level, cell proliferation and death are unique driving forces because they alter the number of macroscopic degrees of freedom, and thus directly affect Maxwellian rigidity criteria for jammed materials \[[@R46], [@R47]\]. New granular physics may also result from biological features that have no analog in traditionally-driven granular materials. For instance, the pressure-growth feedback, that we have described above, could homogenize force networks and enhance pressure buildup, as our simulations indicate ([Fig. S11](#SD1){ref-type="supplementary-material"}). Intermittent flows may be influenced by the shape of cells, as rod-like cells tend to align spontaneously, thus increasing the packing fraction \[[@R48]\] ([Fig. S12](#SD1){ref-type="supplementary-material"}). We also expect cell motility \[[@R49]\] and viscoelastic extracellular substances \[[@R6]\], expressed by many microbes to promote biofilm formation, to engage in a rich mechanical interplay with the packing of growing cells in confined spaces.
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![Self-driven jamming of microbes enables collective pressure build-up in microfluidic environments\
(**a**) Budding yeast cells are grown in a growth chamber threaded by narrow nutrient channels (inset). (**b**) The jamming of excess microbes produced by proliferation in the device leads to a partial confinement of the population and a gradual build-up of a contact pressure of up to 0.65±0.1 MPa (in the shown experiment), which strongly deforms the device (white line represents the undeformed layout). The steady-state pressure generated in a given device depends on the geometry of the outlets (**b**, right), which effectively act as leaky one-way valves. The resulting time-dependent pressure curves are shown in (**c**) for different outlets. The pressure measurements were enabled by an automatic feedback system that actively controls the deformation of a thin membrane separating the growth chamber and a control channel (see **a** and [Supplementary Text](#SD1){ref-type="supplementary-material"}). The bold curves correspond to one realization of the experiment, which is characterized by large pressure fluctuations due to gradual jamming and sudden unjamming. The shaded region represents the envelope of the replicates: all replicates are binned together, and within each bin, the minimum and the maximum define the shading. The dashed line corresponds to the mean of all realizations. The cellular flows exhibits collective features known from physics of jamming in granular media: The outflow of cells is not steady but consists of periods of stasis, accompanied by pressure-build up, and sudden cell avalanches and pressure drops. This can be seen in time lapse movies ([Movie S1](#SD1){ref-type="supplementary-material"}) as well as Kimographs: (**d**) shows the random zig-zag motion of the chamber membrane and (**e**) shows the flow through the outlet before, during and after an avalanche with one snapshot every 20 minutes. Note that, depending on the local stresses, cells assume shapes from nearly spherical (**f**, low stress) to nearly polyhedral (**g**, high stress). (**f**, **g**, left) Micrographs taken close to the coverslip at the bottom of the chamber. (**f**, **g**, right) Mass-spring simulations, in which cell walls are represented as (at vanishing contact pressure) spherical meshworks of springs ([Supplementary Text](#SD1){ref-type="supplementary-material"}). For better visualization, the simulations only show the first layer of cells. The depths of this layer are 5.25 *μ*m and 1.7 *μ*m for low and high pressure respectively.](nihms772138f1){#F1}

![Pressure fluctuations and intermittent flows of partially confined budding yeast populations can be reproduced in simulations of proliferating elastic particles\
(**a**) Experimental pressure time series are characterized by periods of gradual pressure build-up and sudden pressure drops. (**b**) Simulations show that such time series are the generic outcome of jammed elastic particles proliferating in confined spaces. (**c**) A feedback of pressure onto growth, reported in [Fig. 3c](#F3){ref-type="fig"} below, further improves our simulations. The gradual pressure increases prior to avalanche events show diminishing return similar to the experimental time series in (**a**). Pressure drops during avalanche events, defined as the pressure change from the peak pressure prior to an outflow event to the base pressure just after the event (**d**), are nearly exponentially distributed for drops larger than the mean pressure drop, ⟨Δ*P*⟩, in both experiments (**e**: symbols) and coarse-grained simulations (**e**: lines). We can estimate inter-cell contact forces in our experiments by measuring the area of contact between two cells through image analysis. (**f**) The resulting network of contact forces in packings of budding yeast cells shows a heterogeneous distribution of mechanical stresses (pressure on the membrane: 0.5 MPa). (**g**) Force networks obtained from simulations of exponentially growing budding cells. In both (**f**) and (**g**), large forces are clustered into chain-like structures. A movie illustrating the dynamics of force networks in our experiments can be seen [Movie S3](#SD1){ref-type="supplementary-material"}, and a coarse-grained simulation movie can be seen [Movie S4](#SD1){ref-type="supplementary-material"}. For our simulations, we used box and outlet sizes that match the microfludic chamber and parameterized the over-damped dynamics using the experimental flow rate and pressure fluctuation data ([Supplementary Text](#SD1){ref-type="supplementary-material"}).](nihms772138f2){#F2}

![Pressure-induced slow down of growth\
(**a**) Budding yeast populations can be fully confined using a "self-closing" device that takes advantage of the contact pressure developed by the population to close the inlet/outlet channel. The cells are fed through narrow nutrient channels, as in 1**a**. The layout of the undeformed device is shown in white. (**b**) The time-dependent pressure curve in the self-closing devices shows a diminishing return: The rate of increase of the growth-induced pressure in the fully confined region gradually slows until it stops at the stalling pressure of 1±0.1 MPa (5 replicates, mean ± standard deviation). Inset: stalling pressure measured for the lab strain and the wild strain. (**c**) Growth rate as a function of growth-induced pressure, estimated in two ways ([supplementary text](#SD1){ref-type="supplementary-material"}): The black points represent net growth rates determined from the cell flow out of our leaky devices in the steady-state (black points; ≥ 5 replicates, mean ± standard deviation). The continuous blue line, on the other hand, has been inferred from the diminishing return in the dynamical data of (**b**) under a quasi-steady state assumption ([supplementary text](#SD1){ref-type="supplementary-material"}; shading indicates ± standard deviation). The dashed curves represents an exponential fit to the steady-state data (k = 0.41 (h^−1^) exp(−P/0.28 (MPa))). (**d**) We probed the cell cycle progression using mutants that express fluorescently labeled Whi5 repressor proteins. In the G1 phase of the cell cycle prior to the checkpoint Start, Whi5 is localized in the nucleus yielding a subcellular fluorescent focus (see scheme). We find that at high contact pressures of 0.95 MPa almost four times as many cells exhibiting a nuclear Whi5 signal than at low pressures of P = 0.16 MPa ([Fig. S5](#SD1){ref-type="supplementary-material"}).](nihms772138f3){#F3}

![Self-driven jamming is promoted by stickiness and can remodel the microenvironment\
(**a**) Wild strains of yeast stick together via strong velcro-like connections between cells \[[@R44]\]. This stabilizes the spherical growth of the population against shear stresses. (**b**, **c**) Simulations show that even weak attractive forces between cells can strongly promote jamming. (**b**) Packing of slightly sticky cells (right, [supplementary text](#SD1){ref-type="supplementary-material"}) exhibit a force network with pronounced force chains in contrast to the non-sticky case for the shown device. (**c**) The increase in growth-induced pressure (steady-state) with stickiness is much larger than expected from the continuum limit (red base line) over a broad range of outlet sizes ([supplementary text](#SD1){ref-type="supplementary-material"}). (**d**) Gradual propagation of agar gel cracks by growing populations of budding yeast (lab strain). Cells grow out of a pre-existing agar crack and, at the same time, propagate the crack tips inside the agar. A time-lapse movie of the crack propagation is available [Movie S5](#SD1){ref-type="supplementary-material"}.](nihms772138f4){#F4}
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